I N T R O D U C T I O N
The first description of mucoid Pseudomonas aeruginosa by Sonnenschein (1 927) also reported the segregation of non-mucoid revertants. Subsequently, the instability of mucoid strains isolated either from patients or in vitro, and cultured on agar or in broth, has been well documented (Henriksen, 1948; Zierdt & Schmidt, 1964; Martin, 1973 ; Govan, 1975) ; little is known, however, of the mechanism underlying instability.
The ability to maintain P. aeruginosa in the mucoid state in vitro is essential in studies of this unusual form. Govan (1975) described improved stability when mucoid P. aeruginosa was grown in the presence of surfactants, such as lecithin or sodium deoxycholate. In this report we describe improved stability in nutrient broth cultures, suitably agitated, and suggest an explanation for the instability of the mucoid form. We report the use of a fluctuation test and growth rate experiments to indicate that, in unshaken broth cultures, instability can be explained on the basis of spontaneous mutation to the non-mucoid form, followed by a growth rate advantage for non-mucoid revertants. Under conditions where stability is improved, as in the case of shaken cultures, this growth rate advantage is not so apparent.
M E T H O D S
Bacteria. Strain ~~0 5 6 8 is a mucoid variant of the non-mucoid Pseudomonas aeruginosa strain ~~0 3 8 1 (Zeu-38 str-6 FP2; Stanisich & Holloway, 1969) and produces an acetylated alginate-like exopolysaccharide composed of mannuronic and guluronic acids (Govan & Fyfe, 1978) . A non-mucoid revertant, ~~0 5 4 7 , was obtained by subculture from the spreading, non-mucoid growth which appeared at the edge of a mucoid colony after several days growth on nutrient agar at 37 "C. Strain ~~0 5 4 8 is ajprototrophic derivative of ~~0 5 4 7 obtained by transduction using phage Fl16L (Krishnapillai, 1971 ) propagated on the strain PAol (Holloway, 1955) .
Media. Nutrient broth (NB) was Oxoid no. 2 (code CM67) with 0.5% (w/v) yeast extract (Oxoid) and nutrient agar (NA) was Columbia Agar Base (Oxoid, CM331). Desoxycholate citrate agar (DCA) was Oxoid CM227. Minimal agar (MA) was that described by Vogel & Bonner (1956) .
Transduction. The method used was that described by Holloway et al. (1962) . Fluctuation test, Fluctuation analysis was based on the method described by Luria & Delbruck (1943) . A mucoid colony from an 18 h culture of ~~0 5 6 8 , grown on DCA, was suspended in 2 ml physiological saline and diluted in saline such that addition of 0.1 ml of the suspension to 10 ml NB (contained in a 150 ml bottle) produced an initial density of less than 10 cells ml-l. Cultures were incubated for 30 h at 37 "C without shaking and then vortexed briefly to obtain a uniform suspension. The numbers of mucoid and nonmucoid colony-forming units were measured as follows. Samples (0-2 ml) were diluted in physiological saline and 0-1 ml was spread on NA and incubated for 18 h at 37 "C. The percentage of non-mucoid revertants was calculated from the average count obtained from three plates, at a dilution yielding 100 to 200 colonies per plate.
To investigate the stability of the mucoid form in shaken broth cultures, the inoculum was prepared as above but cultures were incubated in an orbital incubator (GallenkamD) at 140 rev. min-1.
Short co rnm un ica t ion
Growth rate experiment. The culture vessels and medium used were as described for the fluctuation test. Incubation was at 37 "C and the culture vessels were shaken at 140 rev. min-l or unshaken. Strains ~~0 5 6 8 and ~~0 5 4 8
were grown from single colonies, inoculated into NB and shaken for 18 h at 37 "C, diluted in physiological saline and inoculated together into 10 ml NB to give initial densities of 1 0 6 and lo3 cells ml-l, respectively. Viable counts of mucoid and non-mucoid colony-forming units were determined at 1.5 h intervals by removing 0.1 ml from the culture, diluting appropriately in saline and plating 0.1 ml in triplicate on NA and MA.
KESUJ-TS A N D D I S C U S S I O N
Results of a fluctuation test showed that the mean percentage of non-mucoid revertants in 12 independent cultures of ~~0 5 6 8 was 37.8 with a variance of 390-1, whereas for 12 samples taken from a single culture, the mean percentage was 43.9 with a variance of 14-7. This experiment clearly demonstrated the instability of ~~0 5 6 8 in unshaken NB cultures incubated for 30 h at 37 "C. In addition, the difference in variance between the 12 independent cultures and 12 samples from the same culture indicated a clonal distribution of non-mucoid revertants among the mucoid populations. In contrast, the percentage of non-mucoid revertants observed in each of 12 cultures of P~0568 inoculated in a similar manner but incubated with shaking for 30 h was less than 0.2%.
An explanation for the instability of ~~0 5 6 8 could be that spontaneous mutations result in non-mucoid revertants and that revertants have a growth rate advantage over the mucoid parent strain which is more pronounced in unshaken than in shaken cultures. To test this hypothesis the growth rates of ~~0 5 6 8 and of a non-mucoid revertant were studied in a competitive situation (see Methods). The non-mucoid revertant used was the prototrophic transductant ~~0 5 4 8 .
This strain was derived for the experiment from the auxotrophic non-mucoid revertant ~~0 5 4 7 so that viable counts of the non-mucoid strain could be determined using unsupplemented MA plates and thus be distinguished from the auxotrophic non-mucoid revertants arising from ~~0 5 6 8 during the course of the experiment. A preliminary experiment was performed to compare the growth rates of ~~0 5 4 7 and p.40548 in shaken and unshaken NB cultures incubated at 37 "C. Results obtained for shaken cultures of both strains indicated a generation time during the exponential growth phase of 25.0 (k 2.0) min. In unshaken culture, ~~0 5 4 7 and ~~0 5 4 8 showed similar growth curves with a mean generation time for both strains of 30.0 ( & 4.0) min during the first 6 h growth. From these results it was concluded that ~~0 5 4 8 exhibited similar growth characteristics to ~~0 5 4 7 in N B culture. Growth curves were then obtained for ~~0 5 6 8 and ~~0 5 4 8 grown competitively in unshaken and shaken cultures (Fig. 1) . The viable counts of ~~0 5 6 8 were determined by counting the mucoid colonies on NA plates, whereas colonies of ~~0 5 4 8 were counted on MA.
In unshaken culture, during the period of maximum growth from 1.5 to 6 h, the mean generation times of ~~0 5 6 8 and ~~0 5 4 8 were 37.5 and 30.5 min, respectively. Within the limits of probable error this allows for only a slight growth rate advantage for the nonmucoid strain during this period. After 6 h, however, as the growth rate of the mucoid strain approached zero, there was clear evidence of a growth rate advantage for ~~0 5 4 8 as it continued to grow until 24 h. During the period between 6 and 12 h the mean generation time of ~~0 5 6 8 was 97-5 min compared with 60.0 min for the non-mucoid strain. The percentage of colony-forming units of ~~0 5 4 8 in the unshaken culture increased from 0.2 yo at the beginning of the experiment to 6-00,; after 12 h incubation and reached 52% after 24 h.
In contrast, the growth rate advantage of ~~0 5 4 8 over the mucoid strain was less evident in shaken culture. The generation time of ~~0 5 6 8 between 1.5 and 6 h was 26.7 rnin compared with 23.7 min for ~~0 5 4 8 .
After 6 h the growth rate of ~~0 5 6 8 approached zero only slightly ahead of the non-mucoid strain. By 12 h the percentage of colony-forming in the shaken culture was 3.1 yo and by 24 h had only risen to 13.4%.
We have previously provided evidence that mucoid variants can arise from non-mucoid P. aeruginosa via spontaneous mutation and that mucoid variants can be isolated in vitro by selecting for increased resistance to carbenicillin (Govan, 1976a, b ; Govan & Fyfe, 1978) . Conversely, we now suggest that the instability of mucoid P. aeruginosa also results from spontaneous mutation, back to the non-mucoid form which then has a selective growth advantage in unshaken cultures. Mian et al. (1978) observed that during continuous culture of mucoid P. aeruginosa, non-mucoid variants arose in the mucoid population and increased as a proportion of the total number of organisms. The rate of this increase was thought to be consistent with mutation followed by selective advantage of the non-mucoid strain.
The effect of exopolysaccharide synthesis per se on the growth and instability of mucoid P. aeruginosa grown without shaking was suggested by further observations. Exopolysaccharide could be detected, by alcohol precipitation (Evans & Linker, 1973) , in culture supernates from shaken and unshaken NB cultures from the early stationary phase. In contrast, no exopolysaccharide could be detected when ~~0 5 6 8 was grown in minimal broth (Govan, 1976b) or anaerobicaIly in N B supplemented with 0. 4: / , , (w/v) KNO,, and under these conditions ~~0 5 6 8 remained stable. Several explanations can be offered to explain the differences in the stability of mucoid organisms in shaken or unshaken culture. It is possible that physical dispersion of cellbound polysaccharide in shaken culture results in improved oxygen and nutrient uptake. Another possible explanation is that the polysaccharide surrounding the cell acts as a diffusion barrier to oxygen transfer and results in a higher growth rate for mucoid organisms in the increased dissolved oxygen concentration maintained in shaken culture. This work was supported by a research grant from the Jeffrey Charitable Trust in association with the Cystic Fibrosis Research Trust.
